Pattern of gray matter volumes related to retinal thickness and its
association with cognitive function in relapsing–remitting MS by Stellmann, Jan-Patrick et al.





O R I G I N A L  R E S E A R C H
Pattern of gray matter volumes related to retinal thickness and 
its association with cognitive function in relapsing–remitting 
MS
Jan-Patrick Stellmann1,2,* | Hanife Cetin1,2,* | Kim Lea Young1,2 | Sibylle Hodecker1,2 |  






















































K E Y W O R D S
atrophy,	cognition,	magnetic	resonance	imaging,	multiple	sclerosis,	neuropsychology,	optical	
coherence	tomography
2 of 14  |     STELLMANN ET AL.
1  | INTRODUCTION
Multiple	sclerosis	(MS)	is	the	most	common	chronic	inflammatory	dis-
ease	of	 the	central	nervous	system	 leading	 to	progressive	neuroax-
onal	degeneration	and	 subsequent	disability	 accumulation	 in	young	
adults	 (Friese,	 Schattling,	 &	 Fugger,	 2014).	 The	 visual	 network	 has	







icance	 in	 exploring	 neurodegeneration	 in	 MS	 (Martínez-	Lapiscina	




information	 regarding	 structural	 integrity	 and	 atrophy	 of	 the	 retina	
and	 the	 brain	 (Martínez-	Lapiscina	 et	al.,	 2014).	 Retinal	 nerve	 fiber	
























might	 contribute	 to	 the	 disability	 of	MS	 patients.	 Previous	 studies	
indicated,	that	impairment	of	visual	function	might	be	as	well	associ-
ated	with	cognitive	function	in	MS	(Toledo	et	al.,	2008;	Wieder	et	al.,	












Outpatient	Clinic	 at	 the	 Institute	 for	Neuroimmunology	and	Multiple	
Sclerosis	 (INIMS),	 University	 Medical	 Center	 Hamburg-	Eppendorf,	
Hamburg,	 Germany.	 All	 participants	 gave	 their	 written	 informed	
consent	 and	 the	 local	 ethics	 committee	 approved	 the	 study	 (Ethical	









attention,	 alertness,	 and	 selective	attention),	 Symbol	Digit	Modalities	
Test	 (SDMT),	Paced	Auditory	Serial	Addition	Test	 (PASAT-	3:	3	s	ver-
sion–	measuring	working	memory,	 sustained	 attention,	 and	 arithme-









Spectral	 domain	OCT	examination	was	performed	 for	 both	eyes	of	
each	 participant	 by	 trained	 operators	 using	 Heidelberg-	Spectralis® 
SD-	OCT	 (Heidelberg	 Engineering,	Heidelberg,	Germany,	Heidelberg	
Eye	 Explorer	 Software	 version	 1.7.1.0).	 For	 peripapillary	 measure-
ments,	a	12°	circle	scan	(3.4	mm)	around	the	optic	disk	was	acquired	
using	 the	 built-	in	 standard	 protocol	 (“RNFL-	N”).	 For	 assessment	 of	
macular	volume	and	individual	retinal	 layers	(thickness),	a	30°	×	25°	





cluded	 from	 subsequent	 analysis	 as	well	 as	OCT	examinations	with	
incomplete	or	 incorrect	scan	protocol.	For	case	of	patients	with	one	
excluded	eye-	scan,	the	other	eye-	scan	was	withdrawn	from	analysis	
as	well	 to	 avoid	 asymmetry	 (when	 comparing	 both	 scans).	An	 inte-
grated	automated	segmentation	algorithm	(Spectralis	Viewing	Module	












All	 MRI	 data	 were	 acquired	 on	 a	 3T	MRI	 scanner	 (Skyra,	 Siemens	
Medical	Systems,	Erlangen,	Germany).	The	MRI	protocol	 included	a	
magnetization	 prepared	 rapid	 acquisition	 gradient-	echo	 (MPRAGE)	
T1-	weighted	 sequence	 (TR/TE	=	1900	ms/2.46	ms;	 TI	=	900	ms;	
192	 slices,	 slice	 thickness	=	0.9	mm,	 no	 gap;	 FOV	=	240	mm;	
	matrix	=	256	×	256,	flip-	angle	9°	for	all	scans)	and	T2	sequence	(TR/
TE	=	2800	ms/90	ms;	 43	 slices,	 slice	 thickness	=	3.0	mm,	 no	 gap,	
	matrix	=	256	×	256,	FOV	=	240	mm).
2.4 | Image analysis
All	 images	were	 processed	with	 the	 FSL-	voxel-	based	 morphometry	
(VBM)	 analysis	 pipeline	 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM)	
(Douaud	 et	al.,	 2007;	Good	 et	al.,	 2001;	 Smith	 et	al.,	 2004).	 Briefly,	
an	 automatic	 brain	 extraction	 tool	 (FSL-	BET)	was	 applied	 to	 all	T1-	
MPRAGE	 images.	 Binary	 brain	 masks	were	 subsequently	 inspected	
and	in	most	cases	manually	corrected	to	avoid	inclusion	of	nonbrain	
tissue.	 After	 the	 application	 of	 the	 corrected	 masks,	 gray	 matter	








smoothed	with	 an	 isotropic	Gaussian	 kernel	with	 a	 sigma	 of	 2	mm.	
Finally,	 voxelwise	 general	 linear	 models	 (GLM)	 were	 applied	 using	













tical	 reconstruction	 and	 volumetric	 segmentation	 (http://surfer.nmr.
mgh.harvard.edu/).	Again,	all	brain	masks	and	white	/gray	matter	seg-
mentation	were	 inspected	 and	manually	 corrected	 according	 to	 the	
recommendation	 from	 the	FreeSurfer	documentation.	We	extracted	
total	 gray	 and	white	matter	 volumes	 as	well	 as	 volumes	 of	 cortical	
areas	of	the	Destrieux	parcellation	 (Fischl,	2004).	Corresponding	re-
gions	of	different	atlases	were	defined	by	major	overlap	 in	MNI152	





















previous	ON	 (i.e.,	 right,	 left,	or	both	eyes	affected)	would	not	allow	













Differences	 between	 networks	were	 post	 hoc	 investigated	 by	GEE	
models	 correcting	 for	measures	 from	both	 eyes.	Absolute	 numbers	
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non-	ON	 patients.	We	 corrected	 for	 multiple	 testing	 with	 the	 false	
discovery	 rate	 (FDR)	method	 and	 defined	 p-	values	 <.05	 as	 statisti-
cally	relevant.	Again,	we	included	T2-	lesion	volume	as	covariate	in	the	
models,	 to	determine	 the	 strength	of	association	 independent	 from	
previous	inflammatory	activity.	As	a	confirmation	approach,	we	inves-
tigated	if	GEE	models	including	cortical	volumes	from	the	FreeSurfer	
cortical	 parcellation	 as	 dependent	 variables	 might	 result	 in	 similar	
association	pattern	as	VBM.	The	visual	agreement	between	the	two	
methods	was	estimated	within	the	MNI-	152	standard	space.









ardized	 estimates	 β	 in	 linear	 models	 between	 cortical	 regions	 and	














high	 (r =	.85,	p <	.001).	 If	 all	 patients	were	 included,	 the	 correlation	
remained	moderate	(r =	.56,	p <	.001).
3.2 | Patterns of association in VBM
Based	on	 the	Yeo	 functional	network	atlas,	 the	highest	numbers	of	
significant	 voxels	 from	VBM	analyses	 in	 the	whole	 cohort	were	 lo-
cated	 in	 the	 somatomotor,	 the	 default	mode,	 and	 ventral	 attention	
networks	 (Figure	1).	The	pattern	was	similar	 for	mRNFL	and	GCIPL.	




system	 (p =	.01).	 The	 number	 of	 voxels	 associated	 with	 GCIPL	 did	
not	differ	significantly	between	the	seven	networks	(all	p >	.05).	The	
TABLE  1 Descriptive	statistics
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non-	ON	 subgroup	 showed	 a	more	 pronounced	 difference	 between	
the	networks	resulting	in	significant	differences	of	all	networks	com-
pared	 to	 the	 visual	 system	 for	 mRNFL	 (all	 p <	.001).	 Investigating	
GCIPL	in	the	non-	ON	group,	we	found	similar	results	as	for	mRNFL.	
More	 significant	voxels	were	 located	 in	 the	default	mode	 (p =	.004)	
and	the	somatomotor	network	(p <	.001)	than	in	the	visual	network.
Based	on	the	Harvard-	Oxford	cortical	atlas,	we	observed	a	close	












(Tables	2	 and	 S1).	 Eleven	 of	 these	 remained	 significant	 if	 T2-	lesion	
volume	was	added	as	covariate	(Figure	5	and	Table	3).	FDR-	adjusted	
p-	values	 did	 not	 reach	 significance.	 The	 closest	 association	 was	



















lh_G_insular_short .448 .001 .119 .014 .386 Ventral	attention Insular	cortex
rh_G_cingul.Post.ventral .394 .003 .119 .021 .386 Default Cingulate	gyrus,	
posterior	division
lh_G_temp_sup.Plan_tempo .365 .004 .119 .017 .386 Ventral	attention Superior	temporal	
gyrus,	posterior	
division
lh_G_Ins_lg_and_S_cent_ins .361 .016 .256 .084 .664 Ventral	attention Insular	cortex
lh_G_occipital_sup .344 .026 .272 .086 .664 Visual Occipital	pole
rh_G_temp_sup.Lateral .343 .008 .185 .005 .239 Somatomotor Superior	temporal	
gyrus,	posterior	
division
lh_S_oc_sup_and_transversal .318 .012 .225 .002 .160 Visual Lateral	occipital	
cortex,	superior	
division





.303 .003 .119 .002 .160 Visual Lingual	gyrus
rh_G_occipital_sup .302 .020 .256 .053 .524 Visual Occipital	pole
lh_S_oc.temp_med_and_Lingual .294 .048 .373 .137 .782 Visual Lingual	gyrus
lh_S_circular_insula_ant .288 .042 .349 .043 .453 Frontoparietal Insular	cortex
lh_G_precuneus .280 .028 .272 .036 .411 Default Precuneus	cortex
lh_S_front_sup .270 .024 .272 .118 .758 Dorsal	attention Superior	frontal	
gyrus
rh_S_circular_insula_sup .266 .004 .119 .024 .386 Ventral	attention Central	opercular	
cortex
rh_S_pericallosal .228 .009 .185 .022 .386 Frontoparietal Cingulate	gyrus,	
anterior	division
rh_Pole_temporal .204 .021 .256 .029 .386 Limbic Temporal	pole
lh_S_oc_middle_and_Lunatus .180 .035 .313 .261 .917 Visual Lateral	occipital	
cortex,	inferior	
division
lh_Pole_temporal −.452 .021 .256 .068 .592 Limbic Temporal	pole
Results	from	GEE	models	ordered	by	β,	only	significant	correlations	are	listed.	Corresponding	network	regions	based	on	main	overlap	in	MNI152	standard	
space.




















3.4 | Post hoc analysis: Association with 
neuropsychological measures
In	the	small	subset	(n =	14)	of	patients	with	a	neuropsychological	as-
sessment,	 we	 identified	 a	 number	 of	 neuropsychological	 measure-
ments	correlated	with	mRNFL	and/or	with	GCIPL	(Figure	6):	Divided	
attention,	 semantic	fluency,	and	PASAT-	3	had	 the	highest	β	 values.	





ropsychological	 test	 performance.	The	 closest	 association	with	 cor-








integrity	 such	 as	white	 or	 gray	matter	 volume	 (Balcer	 et	al.,	 2015).	
Here,	OCT	outcomes	show	a	distinctive	correlation	pattern	with	focal	
cortical	volumes	pronounced	bihemispherically	 in	the	insula.	Results	
assessed	 with	 VBM	 were	 confirmed	 with	 a	 second	 methodology.	







estimate β p- value
p- value 
(FDR)
p- value corrected 
for T2- lesion 
volume








rh_G_cingul.Post.ventral .427 .005 .257 .019 .478 Default Cingulate	gyrus,	
posterior	division
lh_G_Ins_lg_and_S_cent_ins .421 .014 .319 .026 .478 Ventral	attention Insular	cortex
lh_G_insular_short .372 .023 .319 .128 .726 Ventral	attention Insular	cortex
rh_G_Ins_lg_and_S_cent_ins .370 .017 .319 .049 .524 Ventral	attention Insular	cortex
lh_G_occipital_sup .344 .015 .319 .066 .608 Visual Occipital	pole
rh_S_orbital_med.olfact .319 .037 .427 .024 .478 Limbic Frontal	orbital	cortex
rh_S_oc.temp_med_and_
Lingual
.309 .005 .257 .004 .302 Visual Lingual	gyrus
rh_S_circular_insula_sup .265 .020 .319 .042 .478 Ventral	attention Central	opercular	
cortex
lh_S_interm_prim.Jensen .265 .031 .388 .132 .726 Default Angular	gyrus
lh_S_front_inf −.199 .049 .520 .035 .478 Frontoparietal Inferior	frontal	gyrus,	
pars	triangularis
rh_G_occipital_middle −.250 .019 .319 .057 .566 Visual Lateral	occipital	
cortex,	inferior	
division
rh_G_front_middle −.313 .024 .319 .024 .478 Frontoparietal Frontal	pole
lh_S_precentral.sup.part −.391 .020 .319 .003 .302 Dorsal	attention Precentral	gyrus
h_Pole_temporal −.562 .003 .257 .010 .478 Limbic Temporal	pole
Results	from	GEE	models	ordered	by	β,	only	significant	correlations	are	listed.	Corresponding	network	regions	based	on	main	overlap	in	MNI152	standard	
space.
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(Anticevic	 et	al.,	 2012;	He	 et	al.,	 2009;	 Steenwijk	 et	al.,	 2016).	 In	 a	
small	subset	of	patients,	we	detected	as	well	an	association	between	
OCT	outcomes	and	cognitive	performance.
Insula,	 lateral	 occipital,	 posterior	 cingulate	 /	 precuneus,	 fron-










cepts	 interpret	 the	 insula	 as	 a	 gatekeeper	 that	 assigns	 priority	 lev-
els	to	internal	and	external	stimuli.	This	appears	to	manage	attention	
and	working	memory	resources	and	accordingly	 influences	behavior	




(Eckert	 et	al.,	 2009).	 In	 MS,	 insular	 atrophy	 is	 related	 to	 T2-	lesion	
load,	functional	connectivity,	and	network	efficiency.	With	increasing	
T2-	lesion	load,	the	loss	of	network	efficiency	is	more	pronounced	in	















However,	 accounting	 for	 previous	ON	 in	 our	models	was	 sufficient	


















brain	 networks.	Dorsal	 parts	 are	 linked	 to	 frontoparietal	 attentional	
networks	and,	during	attention	demanding	task,	the	region	seems	to	
be	essential	for	rapid	behavioral	changes	and	short	reaction	times	to	
changing	 environmental	 situations	 (Leech	 et	al.,	 2012).	As	 attention	
and	 information	 processing	 speed	 are	 the	most	 commonly	 affected	
cognitive	functions	 in	MS	 (Langdon	et	al.,	2012;	Rocca	et	al.,	2015),	
prominent	 atrophy	of	 the	posterior	 cingular	 cortex	might	 be	 an	 im-
portant	structural	correlate.	A	fMRI	study	with	a	go/no-	go	response	
discrimination	task	detected	an	increased	activation	of	the	precuneus,	
the	posterior	part	of	 the	cingulum	and	 the	 insular	cortex	 in	MS	pa-
tients	compared	to	healthy	controls	(Loitfelder	et	al.,	2014).	Previous	
studies	 provided	 already	 evidence	 for	 an	 association	 between	OCT	









be	used	as	 indicator	 regions	 for	 the	overall	network	 integrity	 in	MS	
(Steenwijk	et	al.,	2016).
Similar	 to	 Steenwijk	 et	al.	 (2016)	 and	due	 to	 the	 cross-	sectional	
design,	 our	 study	 does	 not	 allow	 to	 provide	 an	 explanation	 of	 the	
pathophysiology	 leading	 to	 the	 observed	 correlation	patterns.	 From	
a	pathophysiologic	point	of	view,	the	association	between	OCT	out-
comes	and	focal	cortical	volume	might	be	explained	by	anterograde	
and	 retrograde	 neurodegeneration	within	 the	 visual	 system	 and	 its	
connections	 to	 major	 integrating	 network	 hubs	 (Gabilondo	 et	al.,	
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the	primary	visual	system	are	especially	sensitive	to	these	mechanisms	
(He	et	al.,	2009).
Our	 VBM	 findings	 could	 be	 confirmed	 with	 a	 second	 analyses	
method	 (FreeSurfer).	 The	 FSL	 VBM	 toolbox	 uses	 voxelwise	 statis-
tics,	which	might	 have	 been	 compromised	 by	multiple	 testing	 even	





















Our	 adjustment	 of	 OCT	 outcomes	 for	 individual	 head	 sizes	 might	
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images	 are	 spatially	 normalized	 to	 a	 study-	specific	 template	 (Good	
et	al.,	2002).	This	procedure	reduces	the	effect	of	head	size,	but	does	
not	exclude	 it.	The	normalization	 is	not	 complete	as	otherwise	 the	
perfect	fit	of	individual	brains	would	not	allow	to	compare	them.	In	
our	 cohort,	 the	 correlation	between	head	 size	 and	mRNFL	 (r =	.23,	
p =	.02)	was	higher	than	for	GCIPL	(r =	.17,	p =	.07).	Nevertheless,	we	







segmentation	 procedures	 contributing	 to	 a	 reduced	 comparability	
between	 different	 cohorts	 (Good	 et	al.,	 2002).	A	 further	 distractor	
might	be	based	on	different	MRI	processing	pipelines	as,	for	example,	
the	frequently	applied	SIENAX	algorithm	tends	to	overestimate	white	
matter	 and	 underestimate	 gray	 matter	 volume	 (Lee	 &	 Prohovnik,	
2008).	Another	aspect	of	discrepancy	 to	previous	 studies	might	be	
the	 retinal	 segmentation	 technique,	 as	 automatic	 segmentation	 al-
gorithms	were	optimized	over	the	last	years.	We	used	an	established	
workflow	and	all	segmentations	were	performed	with	the	same	soft-
ware	version	 and	manually	 corrected—which	 does	 not	 exclude	 but	







have	 a	 risk	 to	 be	mainly	 cohort	 specific.	The	 small	 sample	 size	 and	
the	cross-	sectional	design	must	be	seen	as	the	most	relevant	limita-
tion.	Moreover,	 the	missing	 comparison	with	 healthy	 controls	 does	
not	allow	to	distinguish	between	MS-	specific	or	physiological	associ-
ations.	Therefore,	it	is	not	possible	to	draw	final	conclusions,	whether	

















might	 indicate	 impaired	function	and	structure	of	 important	cortical	
regions	as	the	insula.
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